Sepsis-induced myocardial dysfunction represents a major cause of death in intensive care units. Dysregulated microRNAs (miR)-155 has been implicated in multiple cardiovascular diseases and miR-155 can be induced by lipopolysaccharide (LPS). However, the role of miR-155 in LPS-induced cardiac dysfunction is unclear. Septic cardiac dysfunction in mice was induced by intraperitoneal injection of LPS (5 mg/kg) and miR-155 was found to be significantly increased in heart challenged with LPS. Pharmacological inhibition of miR-155 using antagomiR improved cardiac function and suppressed cardiac apoptosis induced by LPS in mice as determined by echocardiography, terminal deoxynucleotidyl transferase nick-end labeling (TUNEL) assay, and Western blot for Bax and Bcl-2, while overexpression of miR-155 using agomiR had inverse effects. Pea15a was identified as a target gene of miR-155, mediating its effects in controlling apoptosis of cardiomyocytes as evidenced by luciferase reporter assays, quantitative real time-polymerase chain reaction, Western blot, and TUNEL staining. Noteworthy, miR-155 was also found to be upregulated in the plasma of patients with septic cardiac dysfunction compared to sepsis patients without cardiac dysfunction, indicating a potential clinical relevance of miR-155. The receiver-operator characteristic curve indicated that plasma miR-155 might be a biomarker for sepsis patients developing cardiac dysfunction. Therefore, inhibition of miR-155 represents a novel therapy for septic myocardial dysfunction.
Introduction
Myocardial dysfunction is a common complication of severe sepsis, representing a frequent cause of death in intensive care units. [1] [2] [3] Multiple mechanisms have been proposed to be responsible for septic cardiomyopathy, including uncontrolled immune and inflammatory responses, myocardial and mitochondrial energy metabolic disorders, and apoptosis. [4] [5] [6] [7] [8] [9] Besides the treatments with antibiotics and other symptomatic therapeutic strategies like restoration of systemic perfusion and blood pressure, specific interventions that target sepsis-induced cardiac dysfunction are still lacking. 10, 11 MicroRNAs (miRNAs, miRs) are endogenous small noncoding RNAs that regulate gene expressions post-transcriptionally with important roles in numerous cellular processes, including proliferation, apoptosis, differentiation, migration, and aging. [12] [13] [14] [15] Several miRNAs, including miR-15a, -16, -27a, -146a, -150, -223, -574-5p, and -4772-5p, have been demonstrated to be dysregulated in human or experimental septic cardiomyopathy, however, the relevant mechanisms are far from understood. [16] [17] [18] [19] [20] [21] [22] [23] [24] The dysregulation of miR-155 has recently been reported to play important roles in multiple cardiovascular diseases like atherosclerosis, hypertrophic cardiac remodeling, acute myocardial infarction, myocardial ischemia-reperfusion injury, and diabetic cardiomyopathy. [25] [26] [27] [28] [29] [30] Additionally, miR-155 is a well-known immunomodulatory miRNA that can be induced by lipopolysaccharide (LPS) and control inflammatory processes in multiple cells and organs. [31] [32] [33] [34] However, the role of miR-155 in sepsis-induced myocardial dysfunction remains largely unknown.
To investigate the functional role and relevant mechanism of miR-155 in septic cardiac dysfunction, we exposed mice to intraperitoneal injection of LPS as previously described. 35, 36 Interestingly, we found that miR-155 was markedly upregulated in the myocardium of LPS-treated mice. We further demonstrated that pharmacological inhibition of miR-155 was able to preserve cardiac ejection fraction (EF) and fractional shortening (FS) as well as to reduce cardiac apoptosis in LPS-treated mice, while forced-expression of miR-155 had inverse effects. Additionally, Pea15a was identified to be a novel target gene of miR-155. Finally, we showed that miR-155 was elevated in the plasma of patients with septic cardiac dysfunction compared with sepsis patients without cardiac dysfunction. These data suggest that miR-155 participates in the pathogenesis of septic cardiac dysfunction. Inhibition of miR-155 might be an effective strategy to improve cardiac function and reduce apoptosis in sepsis-induced cardiomyopathy.
Results miR-155 is upregulated in the myocardium of LPStreated mice LPS (5 mg/kg) was intraperitoneally administrated to mice to induce septic myocardial dysfunction as previously described. 35, 36 These mice were featured with increased myocardial volume at systole (LVIDs, LVVs) and decreased global left ventricular function (EF, FS) ( Tables 1 and 2) , which was consistent with previous reports. 37, 38 Using quantitative real time-polymerase chain reactions (qRT-PCRs), we found that miR-155 expression level was markedly elevated in the myocardium as early as 5 hours post-LPS injection and at least persisted to 24 hours (Figure 1a) , which promoted us to further investigate the functional role of miR-155 in LPS-induced septic cardiac dysfunction. Despite reduced left ventricular function, no obvious cardiac fibrosis was detected in LPS-treated mice as determined by Masson's Trichrome staining (Figure 1b) .
miR-155 inhibition improves cardiac function and attenuates apoptosis in LPS-treated mice
The miR-155 antagomiR was via tail vein injected to mice for three consecutive days before LPS treatment, leading to a significant inhibition of miR-155 in hearts (Figure 2a) . As measured by echocardiography, 39 LPS-induced reduction in EF (%) and FS (%) and increase in LVVs were partially reversed by miR-155 antagomiR (Figure 2b and Table 1) . Terminal deoxynucleotidyl transferase nick-end labeling (Tunel) staining demonstrated that miR-155 inhibition also reduced Tunel-positive nuclei in hearts challenged with LPS (Figure 2c) , with increased Bcl-2/Bax ratio at protein level as determined by Western blot analysis (Figure 2d) . In addition, LPS-induced increase in the cell size of cardiomyocytes was partially attenuated by miR-155 antagomiR (Figure 2e) . These results suggest that inhibition of miR-155 could improve cardiac function and attenuate apoptosis in LPStreated mice.
miR-155 agomiR aggravates cardiac dysfunction and apoptosis in LPS-treated mice
The miR-155 agomiR was used to increase miR-155, which was carried out by tail vein intravenous injections of miR-155 agomiR for three consecutive days before LPS treatment (Figure 3a) . miR-155 agomiR aggravated the reduction of EF (%) and FS (%) in LPS-treated mice (Figure 3b and Table 2) , and further increased Tunel-positive nuclei and reduced Bcl-2/Bax ratio at protein level in hearts challenged with LPS as examined by Tunel staining and Western blot, respectively (Figure 3c,d) . These results suggest that miR-155 agomiR Original magnification: 400×. *P < 0.05; **P < 0.01; ***P < 0.001. 
Pea15a is a target gene of miR-155
To further investigate the downstream target responsible for the role of miR-155 in LPS-induced cardiac dysfunction, miRWalk and miRTarBase were searched to obtain a list of predicted miR-155 targets. Using qRT-PCRs, we found that Pea15a, Fgf7, and Jarid2 were downregulated, while Ikbke, Ripk1, Socs1, and Sfpi1 were upregulated in mice hearts challenged with LPS ( Figure 4a ). As miR-155 expression level was found to be increased in LPS-treated mice, only genes downregulated with LPS treatment were selected for further examination as putative targets of miR-155. Due to the fact that Jarid2 and Fgf7 have previously been reported as miR-155 targets in pathological cardiac remodeling and , and quantitative analysis for Bcl-2/Bax ratio. Actin was used as a loading control (n = 4). *P < 0.05; **P < 0.01; ***P < 0.001. Hodgkin's lymphoma, 29, 40 we decided to explore if Pea15a was a novel target gene of miR-155. Accordingly, Pea15a was also downregulated at protein level in mice hearts challenged with LPS (Figure 4b) . Moreover, at both mRNA and protein levels, Pea15a was downregulated in miR-155 agomiR-treated mice, while upregulated in miR-155 antagomiR-treated mice, suggesting an inverse correlation between Pea15a and miR-155 expressions (Figure 5a,b) . In luciferase reporter assay, we found that compared with the negative control, the luciferase activity was decreased by miR-155 agomiR and if the predicted miR-155 binding site on Pea15a 3′UTR was mutated, the binding of miR-155 to Pea15a 3′UTR was prevented and the decrease in luciferase activity was abrogated, indicating that Pea15a is a direct target gene of miR-155 (Figure 5c,d) . To further determine if miR-155 inhibition could protect the apoptosis of isolated cardiomyocytes and if Pea15a was responsible for its effect, we treated cardiomyocytes with miR-155 antagomiR and/ or Pea15a siRNA and subjected them to LPS (Figure 6 ). Tunel staining and Western blot analysis of Bcl-2/Bax ratio showed that LPS could significantly increase the apoptosis of cardiomyocytes while miR-155 antagomiR attenuated that, indicating that the beneficial effect of miR-155 inhibition in septic cardiac dysfunction might mainly come from its antiapoptotic effect on cardiomyocytes (Figure 6 ). Moreover, Pea15a siRNA blocked the antiapoptotic effect of miR-155 antagomiR in LPS-treated cardiomyocytes (Figure 6 ), further confirming that Pea15a is a target gene of miR-155 in cardiomyocytes.
Plasma miR-155 level is elevated in patients with septic cardiac dysfunction
The plasma level of miR-155 was examined in a total of 25 patients with septic cardiac dysfunction versus 21 sepsis patients without cardiac dysfunction. Noteworthy, miR-155 was found to be markedly elevated in the plasma of patients with septic cardiac dysfunction (Figure 7a) , suggesting a potential clinical relevance of elevation of miR-155 in sepsis-associated cardiac dysfunction. The clinical characteristics of these patients were reported in our previous study. 36 The receiveroperator characteristic curve analysis indicated that plasma miR-155 might be a biomarker for sepsis patients with cardiac dysfunction with an area under the curve of 0.863 (95% confidence interval 0.760 -0.965, P < 0.001) (Figure 7b) .
Discussion
Sepsis-associated myocardial dysfunction leads to high morbidity and mortality in critically ill patients. Accumulating evidence has revealed the critical regulatory effect and the potential clinical value of multiple miRNAs, including miR-15a, -16, -27a, -146a, -150, -223, -574-5p, -21-3p, and -4772-5p, in sepsis-induced cardiac dysfunction, although the mechanisms are far from elucidated. [16] [17] [18] [19] [20] [21] [22] [23] [24] 36 miR-155 is a critical miRNA that regulates inflammation, and can be highly induced by LPS treatment in vitro and in vivo. [41] [42] [43] However, the role of miR-155 in LPS-induced myocardial dysfunction is still unclear. To the best of our knowledge, this study firstly demonstrates a notable increase in miR-155 expression level in hearts challenged with LPS. Also, we detected a significant elevation of miR-155 expression level in the plasma of patients with septic cardiac dysfunction, suggesting a clinical relevance of circulating miR-155 in sepsis-induced cardiomyopathy.
Actually, the roles of miR-155 in cardiovascular injuries are controversial depending on different experimental models. Some studies have indicated that inhibition of miR-155 protects the heart from pathological hypertrophy and improves cardiac function in animal models of hypertensive cardiac injury and ischemia-reperfusion injury. 29, 30 In contrast, other studies have reported that forced expression of miR-155 reduces cardiovascular injury in certain pathological conditions such as acute viral myocarditis and atherosclerosis. 27, 28, 44 Thus it is highly needed to clarify the functional roles of miR-155 in sepsis-cardiac dysfunction. Interestingly, our data show that pharmacological inhibition of miR-155 improves EF and FS in hearts challenged with LPS, while overexpression of miR-155 aggravates cardiac dysfunction, indicating a protective effect of miR-155 inhibition for hearts with sepsis.
In addition to impaired cardiac function, apoptosis is also a crucial process during sepsis. [45] [46] [47] In fact, it has been proved that sepsis-associated myocardial apoptosis could be attenuated by several agents such as cortistatin, cyclosporin A, and simvastatin. [48] [49] [50] Impressively, this study further reveals that inhibition of miR-155 also attenuates LPS-induced myocardial apoptosis as evidenced by reduced Tunel-positive nuclei and increased ratio of Bcl-2/Bax in the myocardium, while overexpression of miR-155 has inverse effects. Besides that, our data also showed that miR-155 inhibition could protect the apoptosis of isolated cardiomyocytes, indicating that the beneficial effect of miR-155 inhibition in septic cardiac dysfunction might be mainly associated with its antiapoptotic effects on cardiomyocytes. However, the cell type of apoptotic cells in the heart in LPS in vivo model is unclear and this should be acknowledged as a limitation of this study. These data suggest that miR-155 might be a novel target to reduce apoptosis during sepsis.
Since Pea15a was predicted as a putative target gene of miR-155, we further examined the expression level of Pea15a in hearts challenged with LPS. As expected, Pea15a was found to be downregulated in hearts of LPS-treated mice, and was negatively regulated by miR-155 in vivo. Luciferase reporter assays further confirmed Pea15a as a direct target of miR-155. Although Pea15 has previously been shown to be involved in various biological processes including cell proliferation, migration, differentiation, and apoptosis, and participates to regulate neurodegenerative wild-type or the mutated Pea15a 3′UTR together with miR-155 agomiR or miRNA negative control, and luciferase activities were measured as described in "Materials and methods" (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. diseases and cancers, [51] [52] [53] [54] [55] [56] [57] little is known about its role in cardiovascular diseases. Here we identify Pea15a as a novel target gene of miR-155 potentially contributing to sepsis-induced cardiac dysfunction by targeting apoptosis, thus suggesting that the miR-155/Pea15a pathway might serve as a potential therapeutic target for septic myocardial dysfunction.
Several limitations of this study should be highlighted. First, the mechanisms for miR-155 induction by LPS are still unclear. It has previously been reported that the Ets2 transcription factor was required for upregulation of miR-155 in response to LPS, while induction of IL-10 by LPS reduced miR-155 via suppression of Ets2 (in ref. 58 ). More recently, it has been shown that miR-155 could be delivered within exosomes between immune cells in response to LPS treatment both in vitro and in vivo. 59 Thus, it would be of great interest to further clarify the upstream mechanisms for miR-155 induction as well as the origin of upregulated miR-155 in sepsis-induced cardiac dysfunction. Second, although inhibition of miR-155 has been demonstrated to prevent cardiac injury after LPS treatment, the interaction between cardiac dysfunction and myocardial apoptosis regulated by miR-155 during sepsis still remains to be clarified. Finally, more clinical plasma samples of patients are needed to confirm if miR-155 could be a biomarker for sepsis-induced cardiac dysfunction.
In conclusion, this study shows that miR-155 is upregulated in sepsis-induced cardiomyopathy. Pharmacological inhibition of miR-155 improves cardiac function and reduces apoptosis in hearts with sepsis. The miR-155/Pea15a pathway might be a potential novel therapeutic target for septic myocardial dysfunction.
Materials and methods
Animals. Male C57BL6/J mice, aged 10-12 weeks old, were purchased from Model Animal Research Center of Nanjing University. Mice were maintained in autoclaved cages under a 12 hours light/12 hours dark cycle and had free access to standard chow and water. Mice were exposed to LPS (5 mg/ kg) via intraperitoneal injection to induce septic cardiac dysfunction as previously described. 35, 36 Control mice were treated with equal volumes of saline. At the indicated time points after LPS or saline treatment, mice were harvested and heart samples were fixed in 4% paraformaldehyde (PFA) or snap frozen in azote nitrite and stored at −80ºC for further analysis. This study was approved by the ethical committees of Nanjing Medical University and all animal experiments were conducted under the established guidelines on the use and care of laboratory animals for biomedical research published by National Institutes of Health (No. 85-23, revised 1996). miR-155 agomiR or antagomiR treatment in mice. miR-155 agomiR and antagomiR were synthesized by Ribobio (Guangzhou, China). To examine the functional role of miR-155 in LPS-induced cardiac dysfunction, miR-155 agomiR (a 2′OME + 5′chol modified miR-155 agonist, Ribobio) or antagomiR (a 2′OME + 5′chol modified miR-155 inhibitor, Ribobio) was used to regulate miR-155 expression level in mice. In brief, mice received on three consecutive days, tail vein intravenous injections of miR-155 agomiRs or their controls at a dose of 30 mg/kg body weight to increase miR-155 before LPS treatment. Inhibition of miR-155 was carried out by tail vein intravenous injections of miR-155 antagomiRs or their controls at a dose of 80 mg/kg body weight for three consecutive days before LPS treatment. The effects of miR-155 agomiR or antagomiR treatment were confirmed by measuring miR-155 expression level in the myocardium using quantitative real time polymerase chain reactions.
Echocardiography. After 5 hours of LPS or saline administration, mice were subjected to echocardiography using Vevo2100 (VisualSonics, Ontario, Canada) as our previously described. 36 The left ventricular EF (%) and FS (%) were measured from M-mode images took from the parasternal shortaxis view at papillary muscle level. Echocardiography data were recorded and analyzed blinded to different treatments.
Masson's Trichrome staining. Cardiac fibrosis was determined using Masson's Trichrome staining. Briefly, heart was perfused with 20 ml phosphate buffered saline, harvested, embedded with paraffin, and sectioned into 4 μm slides. Masson's Trichrome staining was performed according to instructions. Images were taken under light microscopy at 100× magnification for analysis.
Tunel assay. Heart samples were fixed in 4% paraformaldehyde, embedded with paraffin, and sectioned into 4 μm-thick slides. Apoptosis was determined by the terminal deoxyribonucleotidyl transferase (TdT)-mediated dUTP nick end Table 3 . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The relative miRNA or gene expression levels were calculated using the 2−∆∆Ct method.
Western blot analysis. Heart samples were lysed in Radio Immunoprecipitation Assay (RIPA) lysis buffer (P0013C, Beyotime, Nantong, China) and quantified using Pierce BCA Protein Assay Kit (NCI3225CH, Thermo Scientific, Milford, MA miR-155 target gene prediction. A list of putative target genes of miR-155 was created by searching in the miRWalk and miRTarBase. qRT-PCRs were then performed to examine whether these genes were inversely correlated with miR-155 regulation in hearts challenged with LPS, and whether these genes could be negatively regulated by miR-155 agomiR or antagomiR treatment in mice. Potential target was subsequently validated using a luciferase reporter assay as described in detail below.
Luciferase reporter assay. Human embryonic kidney (HEK) 293 cells were seeded at 2 × 10 4 cells per well in 24-well plates the day prior to transfection. All transfections were carried out with Lipofectamine 2000 (Invitrogen, Eugene, OR) according to the manufacturer's instructions. Cells were transfected with pGL3 luciferase expression construct containing the 3′UTR of Pea15a pRL-TK Renilla luciferase vector (Promega, Beijing, China), and miR-155 agomiR or negative control (Ribobio). Forty-eight hours after transfection, luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega) and normalized to Renilla luciferase activity. Meanwhile, we mutated the predicted miR-155 binding site on Pea15a 3′UTR, and examined whether this mutation could abrogate the decrease in luciferase activity by miR-155 agomiR.
Cell culture and treatment. Primary neonatal rat cardiac myocytes were isolated and cultured as our previously described. 36 Neonatal rat cardiac myocytes were treated with miR-155 antagomiR and/or siRNAs for Pea15a using Lipofectamine2000 according to the manufacturers' instructions in the presence or absence (controls) of 1 μg/ml LPS. For detection of apoptotic cells, cells were scored by nuclear morphology from randomly selected fields using In Situ Cell Death Detection Kit (Roche 12156792910). At least 100 cells per sample were examined.
Plasma miR-155 level in patients with septic cardiac dysfunction. To evaluate the clinical relevance of miR-155 in sepsisassociated cardiac dysfunction, the plasma level of miR-155 was examined in a total of 25 patients with septic cardiac dysfunction versus 21 sepsis patients without cardiac dysfunction. In brief, total RNAs were isolated from 200 μl of plasma using a mirVana PARIS isolation kit (Ambion, Austin, TX) following the manufacturer´s instructions. Caenorhabditis elegans miR-39 (cel-miR-39) of 50 pmol/l was added as the spike-in control after the equal volume of denaturing solution was added. miR-155 was quantified using qRT-PCRs on 7900HT Fast Real-Time PCR System (Applied Biosystems). All participants gave written informed consent before enrollment in the study. All human investigation conformed to the principles outlined in the Declaration of Helsinki and was approved by the institutional review committees of Nanjing Medical University.
Statistical analysis.
Results were presented as mean ± standard error of mean (SEM). An independent-student's t-test was used to compare between two groups. One-way analysis of variance (ANOVA) test was used to compare among three or more groups, followed by Bonferroni's post-hoc test. The receiver-operator characteristic curve analysis was performed with plasma miR-155 distinguishing between septic patients with or without cardiac dysfunction. All analyses were carried out using SPSS 19.0. P-values <0.05 were considered statistically significant.
